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Absttact- Streak lines and patticle traces ate effective wvisualization techhiques for studying
utsteady fluid flows. Fot teal-time applications, accutacy is often sactificed to achieve interactive
frarmme tates. Physical space pathicle ttacing algotithos produce the most accutate tesults although
they ate usually too expensive fot intetactive applications. An efficient physical space algotithm is
presented in this papet which was developed fot intetactive itvestigation ahd visualization of latge,
utsteady, aetonamtical simulations. Petfomatoe has been incteased by applying tettahedtal
decomposition to speed up point locatioh and welocity intetpolation i cutwilineatr grids.
Ptelimbaty tesults from batch computations [1] showed that this apptoach was up to six himes
fastet that the most commoon algotithm which uses the Mewton-Baphson method and thilinear
intetpolation. Besults presented hete show that the tettahedtal apptoach also petmoits interactive
cormputation and wisualization of unsteady pathicle ttaces. Statistics ate given for frame tates and
cormputation tirmes ob single and mult-processots. The benefits of intetactive featute detection in

utstead y flows ate also demohstrated.

Index Tetmms PBatticle tracing, scientific visualization, computational fluid dynammics, time-

dependent, unsteady flow, streak line, cutvilineat gtid, tettahedtal decormposition.

[ INTRODUCTION

Utsteady patticle ttacing is a telativel y tew visualization techtique that has emetged because of
the teed to visualize unsteady ot tie-dependent data sets. Steady-state flow simulations only
tequite ote set of ghid and solution data to describe a flow, while unsteady flow simulatiors may

comprise of hundreds ot thousands of tiroe steps of data. Each ime step has at associated ghid and



solution file. The size of these data sets cat tut ito hutdteds of gigabytes [2,3].
Mummetical techhiques fot visuahizihg uhsteady flows mttot those used th expetirmettal flud

mechaties ahd clude path lihes, himoe hibes atd streak lines.

* parh Ime: genetated by tracing the path of a single pathcle (also called a patticle path).
* mme ling: genetated by tracing a line of patticles which ate all teleased at the same time.

* irrgak Iime getetated by contihuously injecting patticles from a fimed location.

Streak lines, alsocalled filament lines, ate the most populat visualization techhique and also the
simplest to genetate. I wind tunnels, they ate produced by injecting smooke into flow [4]. Stteam
lites, cutwes that ate tangential to a vectot field, ate hot genetally used to visualize unsteady flows
because they do tiot show the actual motion of pathicles i the flid but tathetr the theotetical
trajectoties of pathicles with infinite velocity. Tn steady flows, streamn lines ate identical to path lines
and streak lines, but ih unsteady flows they can differ sighificantly. Fot example, Fig. 1 shows
streamn lines, path lines, streak lites, and time lites computed from an unhsteady simulation of flow
atound an oscillating aitfodl. All techniques ate shown at the 128th tiroe step. The impottant  flow
featute it this data set was the vottex shedding caused by stalling. Both the streak lines and timoe
lines tewealed the vottices well but the stream lines and path lihes did tot. The latter techmiques fail

to captute these featutes because they donot show the actual motion of the flud ovet time.

Fig. 1. Compatison of stteamn lines, path lines, stteak lines and time lines it an unsteady flow.
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The goal of this study was ihtetachve cormputabiot atd visualizatioh of stbeak hines from latge
utstead y cormputational flud dytarmes (CFD) suoulations. I cormputational flow visualizaton,
stteak lites ate petietated by teleasing pathcles at disctete intetvals, usually b accotdatoe with the
simulation timme steps. The contihuows injection of pathcles leads to a tapid growth of the humber
of patticles i the flow, all of which must be traced until they leave the flow field ot untl the
simulation ends. Thete may be sevetal thousand achive pathicles ih ah unsteady flow, so it 15

essetitial that the advection ot tracihg process be as efficient as possible.

[[. PREYIDUS WORK

Blaty algotithmos have beet presenited for pathicle tracing in steady flows yet relatively few
cohsidet the extetsion to utsteady flows. This extetsion 5 tot tivial because the time watying
nature of the flow and ghd adds complexnty to almost evety patt of the algenthm [3]
Cotsequently, unsteady pathicle traces ate usually commputed 10 a batch process and then played
back upot comopletion [3,6,7,8]. A sigmficant problemm with this apptoach is that the patticle
ihjection poitts must be chosen i advwatoe. Usually, ah excessive humbet of patticles ate teleased
(= 10,000 to prevent mssing immpottant flow structutes. A better apptoach 5 to intetactively
position the streakr line injectots and study the pathicle motion in teal time.

Intetactive uhsteady patticle tracing was achieved by Btyson and Lewit [¥] by sumplifying the
algotithm and data set. They transtotroed the welooity vectot field into a unifotm (computational )
space to malke the humetical integtation simplet, and tesampled the prd to enable the entite data set
to be stoted i memoty. Howevet, many of the subtle features in the flow were lost as a tesult.
Batticle tracing it cormputational space has tecently core undet scrutiny [10] and was shown to

have poot accutac y cormpated with physical space schemes.

[IL PHYSICAL ¥§ COMPUTATIONAL SPACE TRACING
Body-fitted ot cutwilineat grids ate widel y used to model the complex peometties of actospace
wehicles. Some CED flow solvets internally transfotm these cutved ghids into a uniform Cattesian



space, usually called commputatiohal space, to make tumetical calculahbiobhs suoplet and mote
efficient. Ot cutput, the solution data is getetally tratsfotoed back to the physical ghd space fot
post analysis atd wisualization.

A5 with flow solvets, patticle ttacing algotithmos may opetate i both computational and
physical space. Computational space schemes tequite the cutvilineat ghid, and the associated
welocity field, to be termapped into computational space whete the pathicles ate then adwected.
Y'hen the mappngis dohe as a preptocessing step fot the whole gnid, this makes patticle tracing
wety efficient [9].

The mainh disadvantage of tracihg it computational space s that the tratsfotrmng Jacobian
muttices ate usually appromimations, so the ttansfotmed vectot field may be discontinuous. Also,
if thete ate ittegulatities in the ghid, such as cells with collapsed edges, the transfotmed velocities
may be infinite [11]. Amalyses by Sadatjoet et al. [10] and Hultquist [12] in steady flows have
showh that this mapping techhique produces sighificant ettots in distotted cutwilinear grids.
Calculating Jacobiah mattices it unsteady flows with mowing ghids is mote ihaccutate because each

muttix has thtee additional time-dependent tettos which must be apprommated [13].

Bermatk: It would be prefetable ahd mote accutate if the computational space data wete
saved ditectly from the flow solvet. Howewet, thete 5 tio ptowision ih the PLOT3D data
file fotrmat, used widely by WASA, for stoting these fields. This motivated the

imptovemett of physical space patticle ttacing.

Physical spce ttacitg schemes ate preferted because the intetpolation and integration
processes ate done on the cutvilineat grid which eliminates the need to evaluate Tacobianh mattices
and transform the welocity field. The only disadvattage is that the task of locating patticles 15 mote
complicated and hence mote expensive. This problem is addtessed in this papet. An explicit point
location techtique is presented which has yielded a sigmficant speed-up ovet the most commeot

point location technique: the Mewton- Baphson itetative method.



[V. PHYSICAL SPACE TRACING ALGORITHM

Physical space algothithms proceed by fitst seatchitg out the elerment ot cell which boutds a
pgiven point. This is tetmed the call 2aanch ot peirr locanon process. Cnce found, the velooity 15
evaluated at that point by intetpolating the todal velocities. In utsteady flows, the welooty
components usually need to be intetpolated termpotally as well as spatially. This tecessitates
loadihg two ot mote tirme steps of data into memoty. Intetroediate positions of the ghid may also
have to be intetpolated if the gtid chahges in firoe. The pathicle’s path 15 detetrmned by solving the
differential equation fora field line:

dr
I—w[r[t],t] (1

whete T 15 the pathicle’s location atd ¥ the patticle s weloqity at tioe t. Tntegtating (1) yields:

it + At) = Tlt) +_|‘Mv[r[t], t] dt 12

The ihtegtal tetro oh the tight hatd side cat be evaluated humetically usihg a mulh-stage method
{e.g.. BubgeKutta, Bulitsch-3toet) ot a mulbi-step method (e.g., backwatds diffetentiation,
Adars-Bashtotth). [sues cohcetting the accutacy atd stabality of these methods ate discussed by
Datmoofal and Hatmes [14]. Begatdless of how it is solved, the end tesult is a displacerment which
whet added to the cuttent position, T(t), gives the tew pathicle location at firme t+A

The essettial steps ih a time-dependent pathcle ttacitg algotithm ate as fd lows!

L. B p=city the ibjection poibtfot o pottick i physislepoe=, (x5 2 1.
2. Petfottn o point lostion to locate the cell that cobtribs the point.
3. Bvalunte the o=ll's velocitims nb d cootdibates of tito= t by ibt=t pobtin g betbw==b simubtion tioe st ps.

4. Totmtpolote the welocity fi=ld o detetinihe the welocity w=ctot ot the cutte bt position, (=,y,=].



5. Totmgiobe the oo | weloc ity fi=ld weibg mquation (2] to d=tettnib= the pottic ke 's b=w locstion ot time 501
&, Estitmite the int=gtation =tbot. Feduos the st paize abd tepeat the ibt=gotion ifthe stot is oo bige.

7. Fmp=at fiom etep 2 ubtil potticle beoees flow field ot wotilt esce=de the et simulation tios ste=p.

[t is iropottant to hote that step 5 may itvolve tepeated applications of steps 2, 3, and 4 depending
ot which tumetical integtation scheme s used. The 4th otder Bunge Kutta scherme used in this
study actually tequites thtee tepetitiots to advance from timoe t to t++4t. Befer to Section TV.E for

mate detatls.

A. Point Jocation in tetrahedral cells

The cote ptoblemn in all pathcle tracets 5! given an atbittaty point X in physical space, which
cell does this point lie 10 and what ate is hatutal cootditates. The natutal cootdinates, also called
batycenttic of computational cootdinates, ate local non-dimensional cootditates fotr a cell. Sthctly,
commputatiohal cootdinates ate diffetent because they ate globally defined.

The widely used thilineat intetpolation function prowides the opposite mapping to that tequited
fot point location, that is, it detetrmbes the cootdinates of x from a given natutal cootdinate
tE m.L1. Unfottunately, it cathot be invetted easily because of the tob-lineat products, so it is
usually solved tumeticall y using the Mewton- Raphson method.

By usitg a point location techtique based on tettahedtal elerments, the hatutal cootdinates can
b evaluated ditectly from the physical cootdinates. Tettahedtal elerments petroit the use of a linear

intetpolation function to mat from tatutal to physical cootdinates:

X(ENLD) = %) + (Xrx) )€ + (xrx I + (x-x) ) (%

Mote that x|, %, X9, ahd Xq ate the physical cootdinates at the vethces of the tetahedtot (see Fig.

2]. The hatutal cootdinates (€1 ,C) vaty, as pet usual, from O fo 1 in the hob-dimetsional cell.
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Fig. 2. Tettahedioh geometty it tatutal (hob-dimensiohal) and physical cootdihate spaces.

Equation (3) cat be ihvetted ahalytically because it does tot have any hob-lineat tetmos. The

solution fot the natutal cootdinates at a given physical point E'.!:P,J.lp,zp:l 5 given by

£ 1 Ay A A ETE
n Syl i s | kTR (4]

L A3 231 dn AT, T

The cohstabhts ih the 323 mattizate!

a5 = fzezdlyrral — f2rzdiyverl
a3 = fzgzllyryal — fzrzaliyverl
a3) = (zrzallyryal — fzrzaliyrysl
a7 = (mgmrlizrn) = (ermylizg-z))
237 = [mg-xlfzi-za) = [wpwolizg-z))
a3 = (®rElizi-za) — [Xwollzrz;)
213 = (ye-yidiErmd = (yryaling-x)
333 = (ye-yidiEma] = (y-yaling-x)

azz = lye-yallapma) — (yp-yalixa-w)

and the detetmminant, ¥ (actually & tiroes the wolume of the tettahedton], is given by



M= (e[ (yry dizez -lerz diyeyd 1+
(erx 0Ly ryalizg2z -z reqllyg-pil 1+
(0 yry iz -lza-2 lya-p1) ]

The tatual cootdinates (£,1,0) can be evaluated in 104 flaating point opetations by implementing
the equations abowe. This figute can be halved by ptecomputing common tetros befote evaluating

the mathix coethoents ahd detetrmnant.

B. Tetrahedral decomposition

The hexahedtal cells in cutvilinear ghids must be decomposed into tettahedta in otdet to use
equation [4). Zihce the data sets for time-dependent flows ate usually extteroely latge, it is
imptactical to do the decomposition as a preprocessitg step. Tt must be petfotroed on the fly as
patticles ettet cells.

A hexahedtal cell can be divided ihte a mibimum of five tettahedta (Fig. 3). This
decormposition 15 tot utique because the diagonal edges altethate actoss a cell. Since the faces of a
hexahedton ate usually tob-planat, it 5 impottant to ensute that adjoining cells have matching
diagonals to prevent gaps. This is achieved by altethating between an odd and even decomposition
as illusttated in Fig. 3. Tn a cutvilineat ghid, the cottect configutation 15 selected by simply adding
up the integet indices of a specific node (the node with the lowest indices was used i practice)].
Choosing the odd configutation when the sum is odd and the even configutation when the sum is
even guatantees confinuity between cells.

Bermatk: The odd and even configutation may be switched. This has ho impact on the point
location but it can affect the velocity intetpolation because different wettices ate used. Tn
practice, because CFD grids hawe such a fine tesolution, these differences ate slight and

have only been detected it tegions with high velocity gradients.



Fig. 3. Sub-divisiot altethates between two cohfigutations to ehsute contituity betweeh cells.

C. Cell-search scheme
Equatioh (4] allows the tatutal cootdihates to be evaluated ditectly from the physical
cootdinates with telatiwely little effott. Thete ate fout conditions which must be walid for the point

{Tp.¥ pszpl 1o e within the tettahedton. They ate:

Ez0 nmz0: L=z0: 1-E-n-L= 0O {5

If ahy obe of these is ihvalid theh the poitt is cutside the tettahedton. In patticle ttacihg algotithms,
this happens wheh patticles ctoss cell boundaties. The ptoblem thet atises of which tettahedton to
advatice to hext. The solutioh is uite simple sitce the tatutal cootdibates tell you which ditection
to move. Fot example, it E<0, the patticle would have ctessed the £=0 face. Similatly, if <0 ot
C<0, the patticle would have ctossed the 1=0 ot =0 face tespectively. If the foutth condition is
violated, i.e. {1-E-1-Lj<0, then the patticle would have ctossed the diagonal face. The cell-seatch
proceeds by advabcing actoss the tespective face into the adjaitihg tettahedton. The look-up tables
teeded to idettify this tettahedton ate given in Appendix L

Cocasiohally, two ot mobve conditions 1h (5) may be wiolated if a patticle ctosses tieat the cothet
of a cell ot if it ttavetses sevetal cells at ohoe. Th such cases, the wotst violatot of the fout
cohditiots is used o predict the text tettahedton. Eweh if the boutding tetmbedtoh s tot the
urmoediate teighbout, by always mowing ih the ditection of the wotst viclatot the seatch wall

tapidly cotreetge upoh the cottect tettahedton. Tests it tummetous ghds, includihg complex O grids



with sihgulat poihts, have tevet tuthed up a case whete this techtnque has failed to locate the
boutdihg tettahedton.

The cell seatch procedute desctibed abowve should obly be used if the cell beihg sought 1s
teatby, that is, within a few cells of the ptevious ohe. This 5 usually the case duting patticle
tracing sitce the majonty of pathicles only ctoss one cell at a timme. Thete ate two situations when
the cell being sought is ot likely to be neatby, these being: 1) at the statt of a patticle trace and 1)
aftet urmping between ghids in multi-zohe data sets. Tn these citcurrstances, the cell seatch should
be preceded by anothet scherme in ordet to prevett weavingactoss a latge grid one tetmbedton at a

fime. ¥'e use the “bounhdaty search’ techtique described by Buning [15].

D. Yelocity inter polation ina tetrahedron
In unsteady flows, the welocity field chatges in tiroe as well as space. Since the velooity fields
ate ohly solved at disctete tire steps and at disctete locations on the ghid, they must be intetpolated

ih both firme and space. Th the presett algotithm, these intetpolations ate handled sepatately.

Cv.1 Tempotal Intetpolation
The termpotal intetpolation is petfotmoed fitst using a linear function applied between the two

closest firoe steps. Fot example, at a given tioe t which lies between tiroe steps t) and ty,), the
welocity o at an atbittaty gnd tode (1,),k) 15 given by

n;;, =[1-8|n]  +dn7 (&)
whete the time fraction & is (t-4)/{t, -t). Mote that equatioh (&) only evaluates the velocity at 2
given node, to spatial intetpolation s petfotmoed at this stage. Mote also that if the ghd moves in
fime, a termpotal interpolation of the ghd positions s also tequited. We used a simmlat lineatr

intetpolation funchon fot this putpose. The termpotal ghid intetpolation must precede the point
location, although the tempotal welocity interpolation does tiot have to. It is, howevet, cotvenient

10



to petfotm both at ohce since the tiroe fraction, &, is the same fot both intetpolants. These termportal
ihtetpolations ate ohly applied locally to a sihgle tettahedton, that s, the cuttenit ohe being used by

the poitt loca tiot ot velocity ibtetpolatioh procedures.

D2 Spahal ntetpolation

Ce of thtee techhiques may be used fot the spatial intetpolation of velocity: physical space
lineat interpolation [ 16], volume weighted intetpolation [13], and liteat basis fubction intetpolation
[17]. All thtee ate mathematically equivalent [1,18] and produce identical intetpolation functions.
The authots showed previously [1] that the lineat basis fuhchioh was the most efficient techtique
fot this application beca use it teused the natutal cootdinates computed duting point location. Using

the tumbeting cotvention in Fig. 2, the lineat basis fuhchon fot spatial welooty intetpolation is:
wEn.L) = o) + (o-m)E + (oyw)n + (oo )T (7]

whete £, 1 and L ate the natutal cootdinates computed in equation (4], and @), W4, W5, and B, ate

the welocity wectots at the vethices.

E. Mumerical [ntegration Scheme
The tumetical integtation of equation [2) was petfotroed with a 4th otdet Hunge-Kutta

schermme. For a time-dependent flow with moving grid georoetty, this takes the fotm:

a = v[r[t],t)At

At
b=w{r[t]+i,t+—jnt
2 2

b At
c =w{r[t]+—,t+—)ﬁt
2 2

d = ¥[r(t] +c,t + At]At

r[t+ﬁt]=r[t]+é[a+1b+1c+d] ()
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whete T 15 the patticle position, ¥ the velonty vectot at that position, and At the tiroe step. The fout
stages of the Buhpe-Kutta scheroe spah thtee time values (t, ++A2, and t++4At) abd thetefore tequite
tew grid and welocity data at each one. Fottunately, these only teed to be intetpolated it the
tetmhedton that suttounds a patticle. Howewet, a patticle mowves 10 both time and space duting
integration, so it may lie in diffetent tetrtabedtm duting the four intetroediate stages of equation ().
Faint location and velocity interpolation must thetefore be petformoed after every stage.

Bermatk: Thete ate humetical integtation schermes which tequite fewet velonity evaluations

that the Runge Kutta scheme, e.g.. the Bulitsch-Stoet method [19]. These may be

substituted to furthet imptowe the petfotmmance of this unsteady pathicle ttacing algetithm.

F. Step size adaptation

If the integtation step size is fiwed at a constant value along the entite patticle path, ot tegulated
to achieve a specified humbet of steps pet cell, a patticle may undetsteet atound bends if the flow
changes ditechion tapidly. This cah be prevented by using an adaptive step size control scheme
whete the integtation stepsize is changed accotding toat ettot toletahce.

The ettot toletatce can be computed using a stahdatd tumetical techtique such as irep
deadbimg [19] wheteby a patticle is advatoed fotwatd from a giveh point using a step size At and
thet the ptocess is tepeated fhom the same patt using two half steps of size At'2. The step size 15
teduced if the distahce between the end-points is greatet than a specified toletance: a tumbet
usually deduced by trial and ettot. This techtique was implemented and tested but was found to be
too expensve fot intemctive pathicle ttacing because it petfotmed a latge tumbet of point locations.

A heunistic techmque for adaphing step size was sugpested by Datroofal and Havmes [20]. They
measuted the angle between velooity wectots at successive points along a pathicle path to estimate
the chatige i welocity ditection. ¥We immplemmetted that scheroe and a wety similat one which adapted

the step size accotding to the angle between successive line segroents on a path line (Rg 4.
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Fig. 4. Step size adaptation is based on the change in the path line ditection.

Both of these scheres wotled well in practice and tan appromimately thtee times faster than the

step doubling algotithm. Th both cases, the initial stepsize was estimated using:!

1Y
At = |?|3J; (9]

whete Ml 15 the maghitude of the welonty at the cuttent position atd % 15 the detetrribant from
equatioh {4). This etsutes the ititial pathcle displaceroent is corrmoensutate with the length scale of
the tettahedton. Following this initial estimate, the step size is halved if the angle #, = too latge
(> 157 ), doubled if it is too smmall (Bn< 37 ), of kept the same if it is it between these limits | 37
£ B, = 15° ). Thtough expetimentation in sevetal data sets we found this scheme ptoduced
patticle traces with the same accutacy as the step doubling scheme, based oh an ettot toletatce of
105 in the latter, when adaptation angles of 15 degtees {uppet limit) and 3 degtees (lowet limmt]

wete Lsed.

Y. INTERACTIYE PERFOEMANCE EYALUATION

It a ptevious papet by the authots [1], the petfotmaboe ahd accutacy of the tetrahedtal method
wias compated with a cotwettional patticle tracing algotithm in batch computations of streak lines.
The convettional al gotithm, otiginally developed by Buning [15] fot steady flows anhd extended to
utsteady flows by Lane [#], used an itetative MNewton-Baphson method for point location and
tilinear functions for ghid and welooity intetpolations. The emecutioh profiles confitroed  that

welocity intetpolation and point locatioh wete the most computationally expensive tasks in the

13



cotwethiohal al gotithro. With the tettahedtal method , canputatoh hirmes wete woptoved by up toa
factot of six while shll maihtainihg the accutacy of the stteak hines.

The tettahedtal method has sihoe beet woplermented 1 C++ 1h the Yittual Windtuthel [9], an
intetactive visualization system fot studyihg ubhsteady flows. Besults presetted hete demonstmte
the inteta ctive petfotmmance of the tettahedtal method in that system.

The iftetactive tests wete petiotmoed o an SGEL Oty with four 7T5WH= BRE000 processots and
five gigabytes of EAM. The latge memoty capacity enables modetately sized unsteady flow
simulations to be loaded into physical memoty, thus avoiding disk latencies when accessing the
data. The tapeted cylindet data set [7] was used fot all the intetactive tests (see Eig. 5). Tt had 100
simulation toe steps and 131k gtid points {prid duoensions & x &4 x 32). Each hme step

cohsisted of appromimately 1.5 megabytes of velocity data.

Fig. 5. The tapered cylindet data set used for the intetactive petfotrmance tests. The ten streak lines

showt hete could be computed and rendeted at up to 33 frames pet second.
To find umpottant flow features ih an unsteady flow, a latge tumber of pathicles must be
injected into the flow ower tiroe. In this tespect, out objective was to detetroine how maty stteak

lites could be petetted intetactively with the tettahedtal method.
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Fig. &shows the agpte gate time taken to cormpute atd tendet streak lines, as a fubction of the
turmbet of stheak lites, fot 100 tioe steps. All computatiots wete petfotmoed at tub-tiroe and did
tiot use ahy precomputed fields. Fig. & shows thete is a lineat telatiohship between the hurmbet of
streak lines and theit computation tiroe. It also shows a tieat lineat speed-up when computations
ate disttibuted ovet two ot thtee processots. These lineatr trends occut because streak lines ate
comptised of discrete pathcles ahd can be advected independently. YWhen tubting on mult-
processots, the Virtual Windtunnel cteates g- I light weight ptocesses, whete B is the numbet of
processots, using S patallel progmmomng primmitives such as m_fotk. Cne processot is al ways

tesetved by the Yittual Windtunbel for opetating systerm and g phics tasks.

-1 =
! o 4 //3
& —fr— 3 ptocessots
E 50 —— 2 ptocessots
..E —{— 1 ptocessot
:
- 40
g
EL 30
E 0
§ w
LI

| >
o 20 40 &0 18] 100

MNumbet of stteak lihes

Fig. &. Time taken to compute and tendet 100 frames as a function of the humbet of streak lines.

Tirhgs ate giveh oh obe, two, atd thtee ptocessots.
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The petfotmatice 5 exptessed ih tetros of frame tate 10 Fig. 7. Ohe frame cottespohds o obe
sumulatioh tire step. A flame tate of 10 frammes pet secohd 15 the accepted baseline fot ihtetachve
wiswalization [9]. The tesults 1 Fig. ¥ show that up to 15 stteak hibes could be cormputed and
tendeted at this tate oh obe processot. Likewise, up to 32 streak lines could be commputed and
tendeted oh two processots ahd 44 streak lines onh thtee procesots at 10 frames'sec. Tt 15
irmpottant to tote that the turmbet of pathicles in a streak line ihctease lineatly ovet firoe, 5o eatlier
frarmes ate much quiclet to cormpute than later ones. The frame tates showh hete ate avetaged owver

100 tirme steps. Highet frame tates could be obtained by teducing the turmbet of time steps.

40 : —y— 3 ptocessots

ﬁ —_—— 1 phocessots
: —— | ptocessot

[htetachve thteshold

Fratoes pet secotd

' ! |
() 20 40 &0 a0 100
Mumbet of stteak lines

Fig. 7. Framoe tates for computing atd tetdeting streak lines ot obe, two, atd thtee processots.

A nothet intetesting mettic is the patticle advechion tate. The total tumbet of patticle adwectiots fot

m stheak lites ovet b tiroe steps s given by!

turnbet of advections = m ¥ | (109
™l

Crwiditig this by the tioe taket to compute the stheak hites gives the pathcle advechon tate. At the
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ihtetachve thteshold (see Fig. 7, the advwectioh tate 15 about 8k pathicles’sec oh ohe processot, 14k

patticles'sec oh two ptocessots, atd 22k mthcles/sec on thtee ptocessots.

¥L. INTERACTIVE STREAK LINES AND FEATURE DETECTION

It was illusttated in Fig. 1that pathcle paths of individual pathicles can give misleading tesults
because they sametimes fail to detect impottant flow featutes. By injecting latge tumbets of
patticles we ate mote likely to captute these featutes , although actually seeing them can be difficult
because patticles clump togethet it clowds when thete is a lot of mixing ot tecitculation in the flow.

We found it most useful to intetactively probe the flow using a take with 10 to 40 injectots.
Howevet, usets ate wathed of a ptoblem with intetactive streak lites. Stteak lines, unlike stteam
lines, take tirme to propagate, so the uset should tot move the take of injectots too quickly. Tt 15
best to petiodically stop and let the streak lines cycle thtough all the time steps before moving to
anothet location.

The benefits of teat teal-tiroe petfotrmatce and intetact we take adj ustmoents ate demonstrated in
Fig. &. [0 this exammple, the uset wanted to visualize the voh Katmman vottex shedding it the wake
aof the tapeted cylindet. The genetal atea of intetest was fitst identified by using a wide take with
20 ijectots. The take was then shottened and used o probe fota tegion of flow tevetsal. Choe the
desited locatioh was found, the tumbet of injectots was ihcteased to make the streak lines mote

cohetent and to highlight the wottex shedding. The patticle colout depicts the velocity magnitude.

Fig. & Flow featutes can easily be detected in an unhsteady flow by intetactivel y moving the streak

line injectots.
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Ihtetactive stteak lihes wete also used to wisualize the flow oveta delta wing at a high atgle of
attack, as showh 1 Fig. 9. This data set had 100 sumulatoh troe steps atd a single-zone ghd like
the tapeted cylindet, but was owet nine firoes latget. The welocity field fot each timoe step was
teatly 14 megabytes, ahd the entite data set teatly 1.4 gigabytes. Although this data set was
sigmficantly latget thah the test case, the petfotmatce of the pathcle tracing was tot degraded.
This i5 because patticle advection ohly tequites local cell seatches and intetpolatiots. Prewious
tesults [1] have shown that thete is a petfotmatce penalty on mult-zohe ghids because global

seatches ate tequited when patticles mowve into tew grids.

Fig. 9. Both local and global flow structutes wete visualized by intetactivel y changing the tumbet

of stteak lines and the length of the take it this unsteady flow atound a delta wing,

YIL FUTURE DIRECTIONS

The tapered cylindet and delta wing data sets used in this study ate small compated o the mult-
zohe data sets cuttently beingcomputed at MASA Ames Heseatch Centet. Only a small humbet of
firoe steps from these latge mulhi-zohe data sets will fit into physical memoty o even the latpest
wotkstations. Two apptoaches ate being investigated o allow scientists to visualize mote of their
data. The fitst is by simply subsetting the grid to teduce its size and to localize the tegion of
intetest. The second is by using a latge disk attay with a high bandwidth. A disk attay with 96
disks and 200 gigabytes of stotapge capacity 15 cuttently being evaluated for this application. Data
transfet tates of ovet 300 megabytes pet second have been measuted. Potentially, this will enable

us to tead solution files with 30 megabytes of data pet firoe step at intetactive fame tates.

18



YIIL CONCLUSIONS

Tettahedtal decormposition has made the point locatioh and welomity ihtetpolation tasks mote
efficient ih a pathcle ttacihg algotithm for tuoe-dependent flows. Streak lines wete cormputed and
tendeted at itetactive fraroe tates on an S50 Ohyx wotkstation 10 a data set with 100 time steps.
Almeost lineat scaling in petfotmance was measuted when ohe, two, and thtee procesots wete
used. Up to 44 streak lines could be computed and visualized at 10 frames pet second when the
calculatiohs wete petfotroed oh thtee ptocessots. This petroitted intetactive pomitioting and

adjustroent of streak libe injectots which aided wottex detection ih an unstead p flow.

APPENDIX 1

A. Node Nombering Convention
Criffetent tode tumbeting cotwentiots ate used for the “odd™ and “ewen™ tettahedtal

decompositions to simplify the look-up tables used for poitt location i AppendixL.C.

) 5
3 &
2 1
ol Yk,
3
I 6 2
2 x
T fa] 4 tb)
Fig. 10 The (a) odd and (b) eveh tumbeting cotrvetitions.
B. Tetrahedral Deconuposition

The following diagrams illusttate how a hewahedtal cell is decormposed into 5 tettahedta. Mote that

all tettahedta ate dtawh ih the tatutal cootdihate systerm (tefet to Fig. 2 fot mote details).
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Fig. 11. The {a) odd atd (k) eveh tettahedtal decormpositions.

C. Point location look-np tables

= |

A\

1
Tettnhedtob #5

(a)

=1

=

d
£y |
Tethedton #5

(bl

Two lookup tables ate used to locate the tettahedton that boutds a patticle. The fitst table predicts

which tettahedton a patticle will mowe into when it exits the cuttent tettahedton thtough a patticular

face. The emt face 15 detetrmhed from fout condibional tests which ate based on the natutal

cootdinates [£.n.L), (tefet to Section TV.C fot mote details). Note that this table applies to both the

odd and even tettahedtal decompositions.

Cobdtional | Tetohedton #l | Tetohedton §7 | Tetohedton 7 | Tetohedton #4 | Tetohedton #5
temt
Lel #d #l #2 #3 #l
neQ #1 #2 #l A1 #2
e #2 #1 A #/l #3
l£-nL <0 /5 /S A5 A5 Al

Fig. 12. The adjacent tettahedron look-up table.
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A secohd table 5 used to update the cell ihdices {1,1k] wheh a pathcle moves hto a diffetent
hexahedtal cell. Because each cell 15 divided ihto five tettahedta, pathcles may ctoss sewvetal
tettahedta befote they actually leave a cell. As with the previous table, the humbet of the cutrent
tetmbedtot and an ext face ate needed to idenhfy the appropriate tow and colurmmm. The entty

“saroe cell” in this table indicates that the beighbouting tettahedton is it the same hexahedtal cell.

Cobdtional | Tetohedton #l | Tetohedton §7 | Tetohedton 7 | Tetohedton #4 | Tetohedton #5
temt
Lel F=k-1 F=kl F=k+! F=k+l e o=l
n< i=j-l j=3+l i=j-l i=i+l =ne o=l
e i=i-l i=di+l i=d+l i=d-1 ene o=l
l£-nL <0 mtoe o=l mto= =1l atoe o=l stoe o=l stoe o=l
{a)
Cobdtional Tetmhedton #l | Tettohedton #2 | Tetohedton #3 | Tetohedton fd | Tettohedton #5
temt
L i=i+l i=i+l i=i-l i=1-1 et =1l
n< j=j+l i=j-l i=4+l i=3-1 o= o=l
te F=k+1 k=kl =kl F=k+! e =1l
l£-nL<0 mtoe o=l mto= =1l atoe o=l stoe o=l stoe o=l
(bl

Fig. 13. Cell index look-up tables fot the (a) odd and (b) even tettahedral decompositions
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